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 Mesenchymal stem cells (MSCs) are among the most promising sources of 
stem cells for regenerative medicine. However, their range of differentiation ability is 
very limited. MSCs readily differentiate into osteoblasts, chondrocytes, and adipocytes 
in vitro, but do not differentiate into cells of other tissues, such as cardiomyocytes with 
high efficiency. In this study, we attempted to determine prospective cell surface 
markers of human MSCs that readily differentiate into cardiomyocytes. The 
cardiomyogenic differentiation potential and the expression of cell surface markers 
involved in heart development were analyzed using various immortalized human MSC 
lines, and MSCs with high expression of N-cadherin showed a higher probability of 
differentiation into beating cardiomyocytes. The differentiated cardiomyocytes 
expressed terminally differentiated cardiomyocyte-specific markers such as α-actinin, 
cardiac troponin T, and connexin-43. A similar correlation was observed with primary 
human MSCs derived from bone marrow and adipose tissue. Moreover, 
N-cadherin-positive MSCs isolated using N-cadherin antibody-conjugated magnetic 
beads showed an apparently higher capacity for differentiation into cardiomyocytes than 
did the N-cadherin-negative population. Gene ontology analysis of global gene 




up-regulated nuclear proteins involved in transcription. Results of quantitative 
polymerase chain reaction (qPCR) analyses demonstrated that the N-cadherin-positive 
population expressed significantly elevated messenger ribonucleic acid (mRNA) levels 
of cardiomyogenic progenitor-specific transcription factor genes, including Nkx2.5, 
Hand1, and GATA4, and pluripotency-related genes such as Pou5f1 (Oct4), Sall4, and 
Nanog. Our results suggest that N-cadherin is a novel prospective cell surface marker of 
human MSCs that show a better ability for cardiomyocyte differentiation; these MSCs 
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Ⅲ-1. Cardiac disease 
 Myocardial infarction (MI) caused by atherosclerosis of the coronary artery 
induces heart failure with high mortality. Atherosclerotic plaques lead to coronary artery 
stenosis and a reduction in the blood flow rate, thereby contributing to cardiac ischemia 
and necrosis. The injured cardiomyocytes are replaced by fibroblasts; this then leads to 
fibrosis. The injured left ventricle undergoes progressive chamber dilation. Because the 
myocardium has very limited regeneration ability, an injured heart cannot be repaired. 
Heart transplantation is currently considered the most effective treatment for severe 
heart failure. Although artificial hearts can be used until heart transplantation is possible, 
the current devices are not suitable for long-term use, and antithrombogenicity, 
biocompatibility, reliability, and durability of these devices need to be improved. 
Another serious concern for the clinical application of this methodology is the limited 
number of donors for heart transplantation. Therefore, stem cell therapy is expected to 
be an alternative regenerative medicine for heart failure.  
 
Ⅲ-2. Stem cell therapy for cardiac disease 




clinical trials. Human embryonic stem (ES) cells can differentiate into cardiomyocytes 
when exposed to activin A and bone morphogenic protein 4. (Laflamme et al., 2007). 
ES cells are pluripotent cells derived from the inner cell mass of blastocyst-stage 
embryos therefore these are not the optimal choice for clinical application. Human 
dermal fibroblast can be induced to become pluripotens stem cells by retroviral 
transduction of four transcription factors, viz., OCT3/4, SOX2, c-MYC, and KLF4 
(Takahashi et al., 2007). These induced pluripotent stem (iPS) cells circumvent many of 
the ethical issues surrounding ES cells. However, generating large numbers of 
autologous cardiomyocytes within a therapeutic time-frame remains challenging. 
Intramyocardial injections of skeletal myoblasts result in arrhythmias occurred (Leobon, 
2003). Because of these discouraging results, a decline in skeletal myoblast studies has 
been observed in recent years. Cardiac progenitor cells (CPCs) have also been used in 
clinical trials. These cells can be isolated from cardiac tissue obtained during heart 
surgery or by endocardial biopsy. Results from one of the trials demonstrated a 12.3% 
improvement in left ventricular ejection fraction (LVEF) in patients at 1 year after 
intracoronary injection of autologous c-kit
+
, lineage– CPCs following after MI (Bolli et 
al. 2011). MSCs have also been shown to be suitable candidates to repair cardiac injury 




endothelial cells, and smooth muscle cells in the infarcted heart (Kajstura et al., 2005). 
MSCs have been shown to differentiate into various cell types, including osteoblasts, 
chondrocytes, adipocytes, neurons, and skeletal and cardiac muscle cells in vitro. 
Results from recent studies have suggested that the delivery of adult MSCs into 
ischemic tissue augments the recovery of cardiac function after ischemia in vivo (Chen 
et al., 2004). However, the effects induced by MSCs were only effectual immediately 
after acute MI. Moreover, the successful differentiation of transplanted MSCs in vivo 
was quite infrequent, and the rarely observed differentiated cells in host tissues were 
mainly produced by cell fusion between the injected MSCs and differentiated host cells 
(Nygren et al., 2004). Therefore, the beneficial effects of MSCs may be attributed to the 
paracrine effects of various trophic factors transiently secreted by the injected stem cells 
(Caplan et al., 2011). These results suggest that improvements in the differentiation 
abilities of MSCs and their successful engraftment could be beneficial for effective 
treatment of heart failure.  
 
Ⅲ-3. Objective of this study and research plan 
MSCs can differentiate into many different cell lineages. However the 




Wakitani et al., 1995; Makino et al. 1999). To overcome this problem, we tried to 
determine prospective cell surface markers that could be used to isolate human MSCs 
with higher cardiomyogenic differentiation potential.  
During early embryogenesis, heart development can be monitored by the 
expression of a homeobox-containing transcription factor, Nkx2.5, which is expressed 
in the cardiomyogenic mesoderm at E7.5 in mouse embryos (Lints et al., 1993). The 
Nkx2.5-positive progenitor cells have a bi-potential character, and they subsequently 
differentiate into both cardiac and smooth muscle cells (Wu et al., 2006). Another 
transcription factor, Isl-1, which has two N-terminal LIM domains and one C-terminal 
homeodomain, is expressed in the splanchnic mesoderm at a similar stage (E7.5) (Cai et 
al., 2003). Isl-1-positive progenitors are tri-potential progenitor cells, and they 
differentiate into cardiomyocytes, endothelial cells, and smooth muscle cells (Moretti A. 
et al., 2006, Laugwitz et al., 2005). 
Flk1, a vascular endothelial growth factor receptor (VEGFR) 2, has been 
reported to be prospective cell surface marker of cardiomyocyte progenitor cells during 
heart development (Kattman et al., 2006, Yamashita et al., 2005, Ema et al., 2006). Flk1 
is expressed in the progenitors of multiple mesodermal lineages, including cardiac, 




antigen) is a transmembrane tyrosine kinase receptor for stem-cell factor, and is used as 
a cell surface marker of hematopoietic progenitors, melanocytes, mast cells, and 
spermatogonial stem cells. c-Kit is also required for terminal differentiation of 
cardiomyocytes (Li et al., 2008). Recent research has suggested that c-kit could be a 
putative cell surface marker of cardiomyogenic progenitor cells in the neonatal heart 
(Tallini et al., 2009). 
A Ca
2+
-dependent cell-cell adhesion molecule (Figure 1), N-cadherin is also 
expressed on cardiomyocyte progenitor cells during mouse development (Figure 1). 
N-Cadherin expression is observed in the precardiac mesoderm at E8.5 in mice and 
continues to be expressed in the whole heart during development. N-Cadherin-knockout 
mice die by E10 because of defects in the primitive heart. Although myocardial tissue 
was initially formed in the knockout mouse embryos, the myocytes subsequently 
became dissociated, and the heart tube failed to develop (Radice et al., 1997).  
In this study, we studied cell surface markers of human MSCs that have a high 
ability to differentiate into cardiomyocytes. We show that N-cadherin is a prospective 




Ⅳ. Materials and methods 
Ⅳ-1. Cells used in this study 
 Human MSC lines, namely, UE7T-13 (JCRB1154), UE6E7T-11 (JCRB1149), 
UBE6T-15 (JCRB1159), UE6E7T-12 (JCRB1151), UE7T-9 (JCRB1147), and 
UE6E7T-2 (JCRB1133), were obtained from the Japanese Collection of Research 
Bioresources Cell Bank (Osaka, Japan). These cell lines were immortalized by 
retrovirus gene transfer of a combination of bmi-1, E6, E7, and/or TERT genes to human 
bone marrow stromal cells harvested from a 91-year-old woman. The EPC-214 cell line 
was similarly immortalized at the National Research Institute for Child Health and 
Development (NRICHD), Tokyo, Japan. These cells were maintained in Dulbecco’s 
Eagle Medium (DMEM) with high glucose (Wako) supplemented with 10% fetal calf 
serum (FCS; Roche). ANP0425 and 0607NC cells derived from human bone marrow 
were obtained from Dr. Ohgushi (National Institute of Advanced Industrial Science and 
Technology, Hyougo, Japan). MSC-R36_2 cells, MSC-R36_3 cells, and Yub623 cells 
were obtained from the RIKEN BRC Cell Bank (Ibaraki, Japan). KN-SC (KN) cells, 
MY-SC (MY) cells, and NN-SC (NN) cells were prepared at the Research Institute 
National Center for Global Health and Medicine (NCGM), Tokyo, Japan. 




05-055 (55) cells, and 05-076 (76) cells, were prepared at the University of Tokyo, 
School of Medicine, Tokyo, Japan. Other human ASCs were purchased from Invitrogen. 
For MSCs obtained from adipose tissue, all samples except KN-SC were obtained from 
women aged 22–45 years (KN-SC was derived from the adipose tissue of a 41-year-old 
man). All of these primary cells were maintained in MesenPRO RS Basal Medium 
supplemented with MesenPRO RS Growth Supplement (GIBCO). Cells were 
maintained in a humidified incubator at 37 °C with an atmosphere of 5% CO2. All the 
experiments using human materials were approved by the Human Ethics Committee at 
AIST, NRICHD, NCGM, and the University of Tokyo. Human umbilical vein 
endothelial cells (HUVEC) were cultured in RPMI-1640 medium supplemented with 
endothelial cells growth media (EGM)-2 SingleQuots (LONZA) and 
penicillin/streptomycin (Wako). TF-1 cells were cultured in RPMI-1640 supplemented 
with 10% FCS, 2 ng/mL rh granulocyte-macrophage colony-stimulating factor 
(GM-CSF), and penicillin/streptomycin (Wako). Human embryonic kidney (HEK) 
293FT cells were cultured in DMEM medium supplemented with 10% FCS, 2mM 






Ⅳ-2 Preparation of mouse fetal cardiomyocytes 
Fetal cardiomyocytes were obtained from the hearts of fetal ICR mice on 
gestation day 16.5. The fetal hearts were cut into small pieces and washed with 
phosphate-buffered saline (PBS). They were incubated with 0.15% trypsin and 0.012% 
ethylenediaminetetraacetic acid (EDTA) in PBS at 37 °C for 10 min under gentle 
stirring. The supernatant containing the dissociated cardiomyocytes was mixed with 
DMEM supplemented with 10% FCS and centrifuged at 1,000rpm (180g) for 5 min. 
The pellet was then re-suspended in 10 mL of DMEM with 10% FCS and incubated in a 
glass dish for 1 h to remove fibroblasts. The floating cardiomyocytes were collected and 




 on gelatin-coated glass bottom dishes (Asahi Techno Glass). All 
the experiments using animals were performed under the guidelines established by the 
University of Tsukuba Animal Use and approved by the Animal Experiment Committee 
at AIST. 
 
Ⅳ-3 Cardiac differentiation of human MSCs by co-culturing with mouse fetal 
cardiomyocytes 
HEK293FT cells were transiently transfected with an enhanced green 




Dr. Miyoshi, Riken) and plasmids encoding gag/pol, rev, and VSV-G (ViraPower 
Lentivirus Expression System, Invitrogen) by using Lipofectamine 2000 (Invitrogen). 
At 72 h post-transfection, the supernatant was filtered through a 0.45-μm filter, and the 
EGFP virus was concentrated using a Lenti-X-concentrator (Clontech). Human MSCs 
were infected with the EGFP lentivirus in the presence of 8 μg/mL of polybrene. Two 
days later, EGFP-expressing MSCs were harvested with 0.25% trypsin and 1 mM 




. Every 2 days, 
the culture medium was replaced with fresh culture medium that was supplemented 
with 10% FCS. The morphology of the beating EGFP-labeled MSCs was evaluated 
using a fluorescence microscope. Microscopic images were monitored using an 
Olympus IX70 microscope equipped with CoolSNAP HQ2 (Photometrics), processed 
using MetaMorph software (Molecular Devices), and stored as digital video files. The 
periodical contraction recorded in the video files was further analyzed using Motion 
Analyzer software (Keyence Corp, Japan). The quantification of the contracting 
EGFP-positive human MSCs was performed by counting the beating cardiomyocytes in 
whole wells under a fluorescence microscope. There are many more beating 
GFP-positive cardiomyocytes than shown in our quantified data. However, 




cardiomyocytes were not counted. The data were obtained from at least two 
independent experiments. 
 
Ⅳ-4. Immunofluorescence staining 
 Human MSC lines, EPC-214, UE7T-13, UE6E7T-11, UBE6T-15, UE6E7T-12, 
UE7T-9, and UE6E7T-2 were cultured in Lab-Tek Chamber Slides (Nunc). The cells 
were fixed in 4% paraformaldehyde/Tris-buffered saline (TBS), blocked in TBS 
containing 5% donkey serum and 0.25%Tween-20 for 60 min at.room temperature, and 
further incubated overnight at 4 °C with the antibodies against the following proteins: 
N-cadherin (C3865, Sigma, 1:100), α-actinin (A7811, Sigma, 1:100), connexin-43 
(C6219, Sigma, 1:1000), and cardiac troponin T (cTnT; MS-295, NeoMarkers, 1:200). 
These primary antibodies were diluted with TBS containing 5% donkey serum and 
0.25% Tween-20. Subsequently, the cells were washed three times in TBS. 
Alexa594-conjugated secondary antibody was applied to visualize expression of 
specific proteins. The images were obtained using an Olympus IX70 microscope 
equipped with CoolSNAP HQ2 (Photometrics) and processed using MetaMorph 
software (Molecular Devices). Confocal images of the differentiated cells were captured 




Fluor 594 (excitation: 559 nm, emission range: 575–675 nm) using an Olympus 
FluoView FV1000 confocal microscope. After sequential excitation, green and red 
fluorescent images of the same cells were saved and analyzed with FluoView software 
(Ver. 1.7).  
 
Ⅳ-5. Immunoblotting analysis 
 Human mesenchymal stem cell lines, EPC-214, UE7T-13, UE6E7T-11, 
UBE6T-15, UE6E7T-12, UE7T-9, and UE6E7T-2 were homogenized in a buffer 
containing 20 mM Tris-HCl (pH 7.4), 300 mM NaCl, 0.5 mM EDTA, and 1% NP-40, 
and supplemented with complete protease inhibitor cocktail (Roche). After 
centrifugation at 13,000 rpm (13,000g) for 10 min at 4 °C, the supernatant was collected, 
and the protein concentration was determined using the Protein Assay Kit (Bio-Rad). 
Equal amounts of sample were boiled in sample buffer and separated by 5–20% 
SDS-PAGE. The blots were incubated with antibodies against N-cadherin (C3865, 
Sigma, 1:200), Flk1 (10347, IBL, 1:100), c-kit (AF332, R&D Systems, 1:200), 
Integrin-α4 (sc-14008, R&D Systems, 1:200), vascular cell adhesion molecule 1 
(VCAM-1; sc-8304, Santa Cruz, 1:200), Platelet-derived growth factor receptor α 




(sc-9053, Santa Cruz, 1:200), or β-tubulin (RB-9249, NeoMarkers, 1:1000). Proteins 
were detected using an enhanced chemiluminescence reagent (SuperSignal West Femto 
Maximum Sensitivity Substrate, Pierce) using an LAS-3000 Image Analyzer (Fuji 
Film). 
 
Ⅳ-6. Flow cytometric analysis 
 All of the MSCs cell lines and primary MSCs were harvested with cell 
dissociation buffer (GIBCO) and blocked with normal sheep IgG on ice for 1 h. Cells 
were incubated with biotinylated anti-N-cadherin antibody (BAF1388, R&D System, 
1:100), anti-Flk1 antibody (10347, IBL, 1:100), and allophycocyanin (APC)-conjugated 
anti-c-kit antibody (550412, Becton Dickinson, 1:100) on ice for 1 h. The N-cadherin 
antibody was ﬂuorescent labeled using APC-Alexa Fluor 750 streptavidin (Molecular 
Probes). The Flk1 antibody was ﬂuorescently labeled with Alexa Fluor 488-conjugated 
secondary antibody (Molecular Probes). Cells were resuspended in buffer with 
propidium iodide (PI) (Sigma). Analysis was performed on the FACS Aria (Becton 
Dickinson). Data were re-analyzed by FlowJo software (TOMY Digital Biology, Japan). 





Ⅳ-7. Magnetic cell sorting enrichment of N-cadherin-positive populations 
 Immunomagnetic separation of N-cadherin-positive
 
cells was performed with 
the autoMACS Pro system (Miltenyi Biotec), according to the manufacturer’s 
recommendations. Primary MSCs derived from adipose tissue were dissociated with 
cell dissociation buffer (GIBCO) and blocked with normal sheep IgG. MSCs were 
incubated with biotinylated anti-N-cadherin antibody, followed by incubation with 
streptavidin-APC. Subsequently, cells were incubated with anti-APC microbeads. 
Magnetic cell separation was carried out using the autoMACS Pro separator (Miltenyi 
Biotec) with the Depl025 separation program, according to the recommendations in the 
user’s manual. 
 
Ⅳ-8. DNA microarray analysis 
 Total RNA was isolated from N-cadherin-positive or -negative MSCs using 
ISOGEN (Nippon Gene) according to the manufacturer’s recommendations. 
Fluorescently labeled cRNAs were synthesized using Quick-Amp Labeling Kit 
(Agilent). Labeled cRNAs were hybridized with the 4×44k Whole Human Genome 
oligoMicroarrays (G4122F). The microarray was scanned using a G2505C microarray 




(Agilent). We analyze differences in gene expression among human MSCs and human 
embryonic stem (ES) cells, with GeneSpring GX 11.5.1 software, (Agilent 
Technologies). Data obtained from the gene expression analysis has been deposited in 
GEO (accession number GSE35232). The microarray data of human ES cells (Tesar et 
al., 2007 ) were obtained from GEO data base (GEO accession No. GSE7900). 
 
Ⅳ-9. Quantitative RT-PCR 
 Cardiomyocyte-specific gene expression was examined by quantitative reverse 
transcription (RT)-PCR. Total RNA was extracted from the N-cadherin-positive or 
-negative MSCs by using ISOGEN (Nippon Gene), according to the manufacturer’s 
instructions, and complementary deoxyribonucleic acids (cDNAs) were synthesized 
using PrimeScript Reverse transcriptase (TaKaRa). Primers used for the PCRs are listed 
in Table S1. Real-time PCR reactions were performed using THUNDERBIRD
TM
 SYBR 
qPCR Mix (TOYOBO) with the following program: denaturation at 95 C for 15 s and 
annealing and polymerization at 60 C for 30 s; analysis was performed with the 






Ⅳ-10. Statistical analysis  
 All experiments were repeated independently at least twice. Statistical 
significance was determined using a two-tailed Student’s t-test. Differences were 
considered significant at P＜0.05. The Pearson product-moment correlation coefficient 
was used as a measure of strength of the linear association between differentiation 
efficiency and N-cadherin expression. All statistical analysis was performed using the 





Ⅴ-1 .Determination of prospective cell surface marker 
Ⅴ-1.1. Efficiency of differentiation of MSC lines into cardiomyocytes 
 MSCs are a mixed cell population of primary adherent cells derived from the 
stroma of various adult tissues, including the bone marrow and adipose tissue. The 
multipotency of MSCs significantly decreases during tissue culture, particularly in high 
serum-containing medium. Therefore, it is not easy to obtain reliable data from these 
heterogeneous MSCs. To overcome these problems, we took advantage of immortalized 
human MSC clones expressing bmi-1, TERT, E6, and/or E7, which retain their 
multipotent differentiation ability over a long time when cultured in vitro (Mori et al., 
2005). Using this method, various immortalized cell lines without chromosomal 
instability, have been established from primary cells. There are several difficulties 
encountered in culturing cells, such as human ovarian surface epithelial cells, 
extravillous trophoblast cells, amnion epithelial cells, endometrial glandular cells, 
hepatocytes, and fibroblasts (Maeda et al., 2005; Omi et al., 2009; Zou et al., 2013; Kyo 
et al., 2003; Tsuruga et al., 2008; Kamada et al., 2012). For the cardiac differentiation of 
human MSCs, a DNA demethylating drug, 5-aza-2'-deoxycitydine has been used 




low (<0.005%). Recent reports also use a co-culture-based method using primary 
cardiomyocytes obtained from mouse embryos or new born mice, which shows much 
better differentiation ability than the former method (Iijima et al., 2003). As for the 
latter method, human MSC cell lines were first labeled with a GFP-expressing lentivirus 
and then cultured on a cardiomyocyte feeder cells prepared from mouse embryonic 
heart tissue (E16.5), as illustrated in Figure 2. Some of the human MSC lines such as 
EPC-214 and UE7T-13 efficiently differentiated into cardiomyocytes. After 5 days of 
culture, a small number of GFP-labeled human MSCs spontaneously began to contract. 
On day 7, 5–10% of these GFP-labeled MSCs differentiated into beating 
cardiomyocytes. GFP-positive, differentiated cardiomyocytes showed autonomously 
periodical contractions (Figure 3). Next, the efficiency of human MSCs differentiation 
into spontaneously beating cardiomyocytes was quantified by counting the number of 
GFP-positive and spontaneously beating cardiomyocytes by using a fluorescence 
microscope on day 7 of differentiation (Figure 4). Immunofluorescence analysis 
confirmed that a significant number of GFP-positive human MSCs expressed various 
terminal differentiation markers, including α-actinin, cardiac troponin T (cTnT), and 
connexin-43 (Cn43), as shown in Figure 5 (left and middle columns). On the other hand, 




conditions. For example, UE7T-9 cell lines hardly showed periodical contractions and 
rarely expressed the terminal markers of cardiomyocytes (Figure 5, right column). 
  
Ⅴ-1.2. Expression analysis of N-cadherin in MSCs 
The expression of various cell surface proteins, which are essential for the 
development of the heart in vivo or which are specifically expressed in cardiovascular 
progenitor cells, was examined by immunoblotting (Figure 6). Among these markers, 
the expression of N-cadherin showed a relatively good correlation with the efficiency of 
differentiation toward beating cardiomyocytes. The MSC lines highly expressing 
N-cadherin showed a higher capacity for differentiation toward cardiomyocytes. In 
contrast, MSCs that did not readily differentiate into cardiomyocytes expressed low 
levels of N-cadherin. Flk1 has been suggested to be a prospective cell surface marker of 
cardiomyocyte progenitor cells (Kattman et al., 2006; Yamashita et al., 2005). In our 
experiments, Flk1 showed an expression pattern similar to that of N-cadherin. However, 
the expression levels of Flk1 in human MSCs were extremely low. We could not detect 
Flk1 expression after a short exposure time (1 min) of the immunoblotted membrane 
after the enhanced chemiluminescence (ECL) reaction. Only an extremely long 




6). The transmembrane tyrosine kinase receptor for stem-cell factor, c-kit, has also been 
reported to be a cell surface marker of the cardiomyogenic progenitor cells in the 
neonatal heart (Tallini et al., 2009). The expression of c-kit showed some correlation 
with the cardiomyogenic differentiation abilities of these cells, although the expression 
levels of c-kit in some human MSCs that readily differentiated into cardiomyocytes 
were very low (Figure 3, UE7T-13, UE6E7T-11, and UBE6T-15). 
Other cell surface proteins have been reported as essential for heart 
development. Integrin α4 is an essential gene for the development of the heart and 
placenta (Yang et al., 1995); a homozygous null mutant of integrin α4 caused embryonic 
lethality due to defects in the epicardium and coronary vessel development, leading to 
cardiac hemorrhage, in addition to failure of fusion between the allantois and chorion 
during placentation. Knockout mice of another cell adhesion molecule, vascular cell 
adhesion molecule 1 (VCAM-1), displayed a reduction in the compact layer of the 
ventricular myocardium and intraventricular septum (Kwee et al., 1995). Pdgfrα is 
expressed in cardiac progenitor cells in the posterior part of the secondary heart field. 
Pdgfrα is also expressed in the valves and pericardia of the heart at E12.5–16.5 
(Takamura et al., 1997). However, the expression of these cell surface proteins did not 




cardiomyocytes (Figure 4 and 6).  
Next, we further verified the cell surface-specific expression of three candidate 
proteins, namely, N-cadherin, Flk1, and c-kit, in living MSCs by flow cytometry. The 
expression of Flk1 was again barely detectable on the cell surface of human MSCs 
(Figure 7B). In contrast, HUVEC (positive control cells) showed strong cell surface 
expression of Flk1 (Figure 7B, right), indicating that human MSCs do not express 
detectable amounts of Flk1 on the plasma membrane. The cell surface expression of 
c-kit was also relatively low (Figure 7C), and the MSC lines with higher differentiation 
ability toward cardiomyocytes did not show a significant amount of cell surface 
expression of c-kit (Figure 7C, UE7T-13). In contrast, the expression of N-cadherin was 
readily detectable in the human MSC lines with high differentiation ability toward 
beating cardiomyocytes (Figure 7A). When the cell surface expression of N-cadherin 
(Figure 8) and the ability of human MSC cell lines to differentiate into beating 
cardiomyocytes (Figure 4) were carefully compared with human MSC cell lines, a 
strong correlation was observed between these two events (r = 0.81; Figure 9). These 
results suggest that N-cadherin could be a good prospective cell surface marker of 





Ⅴ-1.3.Efficiency of differentiation of primary MSCs into beating cardiomyocytes 
and correlation with the expression of N-cadherin 
 Next, we validated the expression of N-cadherin by using various type of 
primary human MSCs, including MSCs derived from bone marrow and adipose tissues, 
as described in Figure 10 - 15. Human bone marrow-derived MSCs (BMSCs) cultured 
for a limited number of passages showed different cell surface expression levels of 
N-cadherin and differentiation abilities to cardiomyocytes, when mouse embryonic 
cardiomyocyte feeder cells were analyzed by the above-mentioned co-culture methods. 
However, a good correlation was observed between the cell surface expression of 
N-cadherin and the ability to differentiate into beating cardiomyocytes (Figure 10 and 
11). Human MSCs derived from adipose tissue (ASCs) also showed results similar to 
those obtained with the BMSCs (Figure 13 and 14). The Pearson's correlation 
coefficients of cell surface expression of N-cadherin and efficiency of differentiation 
into beating cardiomyocytes in BMSCs and ASCs were good in both cases (0.55 and 
0.77, respectively; FIG. 11 and 14). Primary ASCs (Sterneckert et al., 2012) did not 
differentiate into beating cardiomyocytes despite the significant expression of 
N-cadherin. However, the growth of ASCs (Sterneckert et al., 2012) was relatively slow 




ASCs, which suggests unknown deficits of this batch of ASCs. Based on the results 
obtained from primary MSCs, we further confirmed that N-cadherin was a reliable cell 
surface marker for predicting the cardiomyogenic ability of human MSCs obtained from 
bone marrow and adipose tissue. 
 
Ⅴ-2 Magnetic cell sorting based of N-cadherin expression 
Ⅴ-2.1. Demonstration of magnetic cell sorting 
 To determine whether the N-cadherin-positive population of human MSCs had a 
greater ability to differentiate into cardiomyocytes than N-cadherin-negative MSCs, we 
first optimized the separation conditions of N-cadherin-positive cells using magnetic 
cell sorting (MACS). The N-cadherin-positive and highly cardiomyogenic MSC line, 
EPC-214 (Figure 17A), was infected with a GFP-expressing lentivirus and mixed with 
the DDEO-SE-labeled N-cadherin-negative human leukemia cell line, TF-1 (Figure 
17B), to yield a mixed population containing about 20% N-cadherin-positive cells 
(Figure 17C). After purification with anti-N-cadherin antibody-conjugated beads, the 
concentration of N-cadherin-positive EPC-214 cells increased to 91% (Figure 17E), 
demonstrating that our conditions for MACS purification were efficient enough to 





Ⅴ-2.2. Magnetic cell sorting of hMSCs and their differentiation ability 
 Next, the N-cadherin-positive fraction was concentrated from a primary culture of 
human ASCs (1212 used in Figure 13-15) using the same method (Figure 18 and Figure 
18); these cells were further cultured on mouse embryonic heart feeder cells for 7 days. 
As shown in Figure 20, the enriched ASC fraction expressing cell surface N-cadherin 
showed a 4-fold higher cardiomyogenic differentiation capacity than that of the 
N-cadherin-negative fraction. 
 
Ⅴ-2.3. Characterization of N-cadherin positive cells 
 To characterize the cardiomyogenic N-cadherin-positive population, we analyzed the 
gene expression profiles of the MACS-sorted fractions obtained from human MSCs by 
using an Agilent Whole Human Genome array. When the expression of various lineage 
marker genes was compared, the N-cadherin-positive fraction showed up-regulated 
expression of genes involved in the differentiation of cardiomyocytes and skeletal 
myocytes, such as Nkx2.5, Hand1, Tnni3 (cTnI), and Myog (Figure 21). In contrast, 
other lineage markers, including those of ectodermal and endodermal lineages, were the 
same among the MACS-sorted fractions, with the exception of Pax4, a transcription 




N-cadherin-positive cells. Although MSCs differentiate into osteoblasts, chondrocytes, 
and adipocytes at higher efficiency, the specific markers of these lineages did not show 
a large marked difference between the N-cadherin-positive and N-cadherin-negative 
fractions. The expression of MSC-specific cell surface markers was also not increased 
in the N-cadherin-positive fraction. 
Next, elevated expression of the cardiomyogenic lineage markers in the 
N-cadherin-positive population was validated by qPCR. A cardiomyogenic 
precursor-specific gene, Nkx2.5, was expressed in the N-cadherin-positive fraction, at 
levels 200-times higher than that in the N-cadherin-negative fraction. Two other 
transcription factors, Hand1 and Gata4, which are involved in cardiomyogenesis, also 
showed significantly elevated expression in the N-cadherin-positive fraction (Figure 22). 
However, the expression of other cardiomyogenic transcription factors such as Tbx5 
was not elevated in N-cadherin-positive cells. Interestingly, the expression of Myog, a 
transcription factor involved in skeletal muscle development, was also elevated in the 
N-cadherin-positive fraction. Although some terminal markers for cardiomyocytes, such 
as ANP and cTnI, showed higher expression in the N-cadherin-positive fraction (Figure 
23), the expression levels of these terminal markers were very low, suggesting that 




differentiated into cardiomyocytes. 
Interestingly, the expression of some pluripotency-specific genes such as 
Pou5f1 (Oct4), Sall4, and Nanog was significantly up-regulated in the 
N-cadherin-positive population (Figure 24). These data were confirmed by qPCR 
(Figure 25). Recent studies have suggested that there are at least 2 splice variants of the 
Oct4 gene: Oct4A and Oct4B. Oct4A is highly expressed in ES/iPS cells and regulates 
the pluripotency properties of ES cells, whereas Oct4B, which lacks exon1 but contains 
exon 2a, does not maintain self-renewal in ES cells (Wang et al., 2010). In our 
experiments, N-cadherin-positive cells expressed significantly elevated levels of both 
Oct4A and Oct4B compared to the expression in N-cadherin-negative cells (Figure 25). 
The expression level of Oct4 and Nanog mRNAs in human MSCs was not as high as 
those in human ES cells (Figure 25), suggesting that these genes up-regulated in 
N-cadherin-positive MSCs may not exhibit the pluripotency as observed in ES/iPS cells. 
However, recent reports have suggested that the expression of Oct4 in MSCs is 
correlates with the multiple differentiation abilities of MSCs. For example, 
overexpression of Oct4 enhanced the differentiation ability of MSCs (Liu et al., 2009), 
and knockdown of Oct4 caused loss of multiple differentiation potential (Tsai et al., 




Therefore, our data suggest that N-cadherin-positive cells with up-regulated expression 
of Oct4 and other transcription factors responsible for cardiomyogenesis could increase 




Ⅵ. Discussion  
Among various cell surface markers reported to be essential for heart 
development or to be specific for their expression in cardiovascular tissues, results of 
immunoblotting analysis of various MSC lines identified three candidate markers 
(N-cadherin, Flk1, and c-kit) as prospective cell surface markers of MSCs that have a  
higher cardiomyogenic differentiation capacity. These markers showed some correlation 
between their expression and the efficiency of differentiation of these MSCs into 
beating cardiomyocytes. 
Although Flk1 has been reported to be a cell surface marker for the multipotent 
cardiovascular progenitors observed during the differentiation of human and mouse ES 
cells (Kattman et al., 2006; Yamashita et al., 2005, Yang L et al., 2008). However, the 
cell surface expression level of Flk1 was quite low in human MSCs as analyzed by flow 
cytometry (Figure 7B). Therefore, our results suggest that it is not practical to use Flk1 
as a cell surface marker for human MSCs that have a strong ability to differentiate into 
cardiomyocytes. 
Our immunoblotting analysis also suggested c-kit as a prospective cell surface 
marker for cardiomyogenic human MSCs. Although we observed expression of c-kit in 




the cell surface expression of c-kit was not detectable by flow cytometry in the other 
MSC line that readily differentiated into cardiomyocytes (Figure 7C, UE7T-13). These 
results suggested that c-kit is also not a reliable prospective cell surface marker for 
human MSCs with high cardiomyogenic ability. 
In contrast to Flk1 and c-kit, the expression of N-cadherin was much higher, 
and could be reproducibly detected by flow cytometry in MSCs with high 
cardiomyocyte differentiation ability (Figure 4, 7A, 8, 9). There was also a good 
correlation between the N-cadherin expression and cardiomyogenic potential of primary 
human BMSCs and ASCs (Figure 9-14), further indicating that N-cadherin is a good 
prospective cell surface marker for human MSCs having high cardiomyogenic potential. 
In addition, the expression of N-cadherin continues from cardiomyogenic progenitor 
cells to mature cardiomyocytes in the adult heart. N-cadherin maintains the functional 
gap junction complex at the plasma membrane in the adult heart, and conditional 
knockout of N-cadherin in mice resulted in cardiac arrhythmia in adults, with significant 
decreases in Cx43 and Cx40 levels (Li et al, 2005). Based on these observations, 
N-cadherin seems to be a useful and reliable cell surface marker for human MSCs with 
increased capacity for differentiation toward cardiomyocytes. In contrast, cardiac 




adhesion to cultured cardiomyocytes, (Karabekian et al, 2009). 
We have previously shown that cardiomyogenic progenitor cells differentiated 
from mouse ES cells express high levels of N-cadherin on the surface of the cell 
membrane, and that an antibody against N-cadherin could be used to concentrate the 
progenitor cells from a heterogeneous cell population differentiated from mouse ES 
cells (Honda et al., 2006). Although the possible pathway of differentiation of 
cardiomyocytes from pluripotent ES cells and multipotent MSCs may not be the same, 
N-cadherin could be a common progenitor marker of the cardiomyogenic cells derived 
from these stem cells. 
Purification of N-cadherin-positive cells from primary human MSCs cells with 
anti-N-cadherin-conjugated magnetic beads made it possible to concentrate human 
MSCs with greater ability to differentiate toward cardiomyocytes. Interestingly, the 
purified N-cadherin-positive fraction showed significantly higher expression of several 
cardiomyogenic progenitor cell-specific transcription factors such as Nkx2.5, Hand1, 
and Gata4. Although the overall absolute expression level of cardiomyocyte-specific 
terminal markers was low, some of the cardiomyocyte-specific marker levels were 
higher in the N-cadherin-positive fractions. These results suggest a possible reason for 





In addition to cardiomyogenic genes, we observed increased expression of 
pluripotency-specific transcription factors of ES cells, such as Oct, Sall4, and Nanog, in 
the N-cadherin-positive fraction. Recently, Oct4 was suggested to not simply be a 
reprogramming factor for generating iPS cells nor transcription factor specific for ES 
cells and genital organ, but rather to be the gatekeeper into and out of the 
reprogramming expressway that can be directed by altering experimental conditions 
(Sterneckert et al, 2012). Therefore, the elevated expression of Oct4 and related 
transcription factors could positively modulate the differentiation ability of MSCs.  
Although this study revealed that N-cadherin is a cell surface marker for human 
MSCs that have a strong ability to differentiate into cardiomyocytes, the efficiency of 
differentiation should be improved and the transplant technique should be explored for 
clinical application. Previously some regulatory pathways of cardiomyocyte 
differentiation have shown that Wnt/β-catenin signaling is an important regulator of 
cardiomyocyte differentiation from human ES cells via induction with activin A and 
BMP4 (Paige et al., 2010). Shimoji et al. (2010) screened for humoral factors that 
promote cardiomyocyte differentiation from ES cells, and found that G-CSF is 




possibility that the efficiency of differentiation cells into cardiomyocytes will be 
increased by these factors. During the administration of differentiated cardiomyocytes, 
aggregate formation of pluripotent sten cell-derived cardiomyocytes improved their 
survival in the immunodeficient mouse heart because of homophilic cell-cell adhesion 
(Hattori et al., 2010). Recently, cell sheet-based tissue engineering has yielded 
satisfactory therapeutic results in cardiac disease (Haraguchi et al., 2011). The use of a 
cardiogenic cell surface marker, such as N-cadherin, in these methods would facilitate 
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Table Primers used for qPCR analysis.  
 
Transcript Sequence 
Nkx2.5 F: 5'-CGCCAACAACAACTTCGTGAAC-3' 
  R: 5'-GAGCTGTTGAGGTGGGATC-3' 
Hand1 F: 5'-TTTGTTCTTCGAATCGTGGTG-3' 
  R: 5'-AAAGTGTTTCCCTTGGAACTAA-3' 
GATA4 F: 5'-CACAAGGCTATGCGTCTCC-3' 
  R: 5'-GCCTCCTTCTTTGCTATCCTC-3' 
Tbx5 F: 5'-TAGAGGACATCAGCTGCAACA-3' 
  R: 5'-GGAGAAGTGCTGGTAGGGTA-3' 
ANP F: 5'-AGGGACAGACGTAGGCCAAGAG-3' 
  R: 5'-TCTGGTCTGACCTAGGAGCTGG-3' 
cTnT F: 5'-GGCAGCGGAAGAGGATGCTGAA-3' 
  R: 5'-GAGGCACCAAGTTGGGCATGAACGA-3' 
cTnI F: 5'-TGCAGATTGCAAAGCAAGAG-3' 
  R: 5'-GGTGACTTTTGCCTCTATGTC-3' 
MLC2a F: 5'-GGGAGAAGCTCAATGGGACAG-3' 
  R: 5'-CCACCTCAGCTGGAGAGAAC-3' 
Myog F: 5'-TGTAAGAGGAAGTCGGTGTC-3' 
  R: 5'-CCTCATTCACCTTCTTGAGC-3' 
Oct4 F: 5'-GAGGAAGCTGACAACAATGA-3' 
  R: 5'-TCACTCGGTTCTCGATACTG-3' 
Oct4a F: 5'-TGGAGAGCAACTCCGAT-3' 
  R: 5'-TGCTCCAGCTTCTCCT-3' 
Oct4b F: 5'-AGAGGCACTTCTACAGACTA-3' 
  R: 5'-GAACATAAACACACCAGTTATCAAT-3' 
Nanog F: 5'-AGCTGTGTGTACTCAATGATAG-3' 
  R: 5'-AGGTCTTCACCTGTTTGTAG-3' 
Sall4 F: 5'-GAGAATCCCTGTGACTTTACG-3' 
  R: 5'-GATGACATCATCATGGCAGATAG-3' 
TBP F: 5'-AATCTTGGTTGTAAACTTGACCTA-3' 
  R: 5'-CTTGGGATTATATTCGGCGT-3' 
 

















































Figure 1 Structure of N-cadherin. 
 Schematic diagram showing the structure of the N-cadherin structure. N-cadherin is a type 1 
membrane protein. N-cadherins mediate cell-cell adhesion through homophilic interactions. 
N-cadherin, have distinct expression patterns during embryonic development and in the adult. 
During gastrulation, N-cadherin is expressed in the primitive streak (Hatta K. et al., 1986). 
N-cadherin is also involved in the development of early hematopoietic progenitor cells in the bone 
marrow (Puch S. et al., 2001). During later phase of osteogenic differentiation, N-cadherin is 











Figure 2 Schematic diagram of the co-culture method for the cardiomyocyte 
differentiation of human mesenchymal stem cells (hMSCs). 
 hMSCs were labeled by infection with GFP-expressing lentivirus, and were then co-cultured on 





                      





Figure 3 Periodical contractions of GFP-labeled beating cardiomyocytes derived 
by differentiation of human mesenchymal sten cells (MSCs) for 7 days. 
Lower panel shows the time-dependent distance between points indicated in the upper panel; red 
line: between 0 and 1, blue line: between 2 and 3. 
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Figure 4 Autonomously beating cardiomyocytes differentiated from GFP-labeled 
human mesenchymal stem cell (MSC) lines were counted using a microscope.  
Bar graphs represent the mean value of the differentiation efficiencies obtained from more than two 
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Figure 5 Expression of cardiac differentiation markers 
α-actinin (red), cTnT (red), and Cn43 (red), was analyzed by immunofluorescence staining after 
differentiation for 7 days. Human mesenchymal sten cells (MSCs) were labeled with GFP (green). 























                                    
 
 
Figure 6 The expression of cell surface proteins and transcription factors related to 
cardiovascular development. 
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Figure 7 Representative FACS plots of cell surface N-cadherin expression in 
human mesenchymal stem cell (MSC) lines. 
The cells were immunostained with (A) N-cadherin, (B) Flk1, or (C) c-kit antibodies. Propidium 
iodide-positive cells were excluded from the analysis.  
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Figure 8 Flow cytometric analysis of cell surface expression of N-cadherin in 
human mesenchymal stem cell (MSC) lines.  
The bar graphs represent the mean value of cell surface protein expression obtained from more than 
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Figure 9 Correlation between the efficiency of differentiation into cardiomyocytes 
and cell surface N-cadherin expression in human mesenchymal sten cell (MSC) 
lines.  
The vertical axis represents the differentiation efficiency, while the horizontal axis represents cell 
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Figure 10 Efficiency of differentiation of primary human bone marrow-derived 
mesenchymal stem cells (BMSCs) into cardiomyocytes. 
In this experiment, primary human mesenchymal stem cells (MSCs) derived from bone marrow 
(BMSCs) were used. Autonomously beating cardiomyocytes differentiated from GFP-labeled human 
BMSCs 
were counted using a microscope. Bar graphs represent the mean values of the differentiation 
efficiencies obtained from more than two independent experiments. 
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Figure 11 Cell surface expression of N-cadherin. 
Flow cytometric analysis of cell surface expression of N-cadherin in primary human bone 
marrow-derived mesenchymal stem cells (BMSCs). Bar graphs represent the mean values of 
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Figure 12 Correlation between the efficiency of differentiation into beating 
cardiomyocytes and the cell surface N-cadherin expression of primary human bone 
marrow-derived mesenchymal sten cells (BMSCs). 
The vertical axis represents the differentiation efficiency, while the horizontal axis represents cell 
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Figure 13 Efficiency of differentiation of primary human bone marrow-derived 
mesenchymal stem cells (BMSCs) into cardiomyocytes. 
In this experiment, primary human MSCs derived from adipose tissue (ASCs) were used. 
Autonomously beating cardiomyocytes differentiated from GFP-labeled human ASCs were counted 
using a microscope. Bar graphs represent the mean values of the differentiation efficiencies obtained 

















       
 
 
Figure 14 Cell surface expression of N-cadherin. 
Flow cytometric analysis of cell surface expression of N-cadherin in primary human bone 
marrow-derived mesenchymal stem cells (BMSCs). Bar graphs represent the mean values of 
differentiation efficiency obtained from more than 2 independent experiments.  
 
 

















Figure 15 Correlation between the efficiency of differentiation into beating 
cardiomyocytes and cell surface N-cadherin expression of primary human adipose 
-derived stem cells (ASCs). 
The vertical axis represents the differentiation efficiency, while the horizontal axis represents cell 











2 1 3 4 5 
N-cadherin + cells, % 
















      
 
 
              
 
 
Figure 16 Schematic diagram of the magnetic cell sorting method 
Human mesenchymal stem cells (hMSCs) were labeled with biotinylated anti-N-cadherin antibody. 
Next, hMSCs were incubated with streptavidin-APC. and anti-APC magnetic beads (A). Cell 
























Figure 17 Demonstration of magnetic cell sorting. 
N-cadherin-positive cells were labeled by infection with GFP-expressing lentivirus (A) and 
N-cadherin-negative cells were labeled with DDAO-SE dye (B). These cells were mixed (C) and 
sorted by using magnetic sorting technique. The N-cadherin-negative fraction contained many 
DDAO-SE-positive cells (D), while the N-cadherin-positive fraction contained many GFP-positive 
cells (E).,  
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Figure 18 Separation of N-cadherin-positive cells obtained from primary 
mesenchymal stem cells (MSCs) derived from adipose tissue with anti-N-cadherin 
antibody-conjugated magnetic beads.  
The FACS histograms represent cell surface N-cadherin expression in the 
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Figure 19 Expression of N-cadherin in sorted mesenchymal sten cells (MSCs). 
These data were obtained by western blotting analysis. 
 
 





















Figure 20 Efficiency of differentiation of purified primary adipose-derived stem 
cells (ASCs) into beating cardiomyocytes.  


























Figur. 21 Characterization of N-cadherin-positive cells derived from adipose tissue 
with anti-N-cadherin antibody-conjugated magnetic beads.  
Heat map profile of lineage-specific differentiation marker expression in adipose-derived stem cells 
(ASCs). The N-cadherin-positive fraction showed elevated expression of specific genes involved in 
cardiomyogenesis 
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Figure 22 Quantitative polymerase chain reaction analysis of cardiomyogenic 
progenitor-specific transcription factors 
White bar represent N-cadherin-negative cells. Black bar represent N-cadherin-positive cells. 




























           
 
 
Figure 23 Quantitative polumerase chain reaction analysis of cardiomyogenic 
terminal differentiation markers 
White bars represent N-cadherin -negative cells. Black bars represent N-cadherin-positive cells. Bar 































Figure 24 Characterization of N-cadherin-positive cells derived from adipose tissue 
with anti-N-cadherin antibody-conjugated magnetic beads and human embryonic 
stem (ES) cells. 
Heat map profile of pluripotency-specific marker expression in human adipose-derived stem cells 
(ASCs) and human ES cells. 
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Figure 25 Quantitative polymerase chain reaction analysis of the expression of 
pluripotency-specific transcription factors in MACS-sorted fractions.  
White bars represent N-cadherin-negative cells. Black bars represent N-cadherin-positive cells. Bar 
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